Hundreds of millions of people worldwide lack adequate access to water. Water insecurity, which is defined as having limited or uncertain availability of safe water or the ability to acquire safe water in socially acceptable ways, is typically overlooked by development organizations focusing on water availability. To address the urgent need in the literature for validated measures of water insecurity, we conducted a population-based study in rural Uganda with 327 reproductive-age women and 204 linked men from the same households. We used a novel method of photo identification so that we could accurately elicit study participants' primary household water sources, thereby enabling us to identify water sources for objective water quality testing and distance/elevation measurement. Our psychometric analyses provided strong evidence of the internal structure, reliability, and validity of a new eight-item Household Water Insecurity Access Scale (HWIAS). Important intra-household gender differences in perceptions of water insecurity were observed, with men generally perceiving household water insecurity as being less severe compared to women. In summary, the HWIAS represents a reliable and valid measure of water insecurity, particularly among women, and may be useful for informing and evaluating interventions to improve water access in resource-limited settings.
INTRODUCTION
, we understand household water security to mean access by all people at all times to enough water for an active, healthy life. The construct of water security includes, at a minimum: (a) the ready availability of water of adequate quality and safety; and (b) the assured ability to consistently acquire water. Depending on the cultural context, the construct of water insecurity may also entail the ability to acquire water in culturally acceptable ways, e.g., without resorting to stealing or other unconventional coping strategies. More recently, Grey & Sadoff () proposed a similar definition of water security that generalizes beyond the household to multiple levels of analysis: 'the availability of an acceptable quantity and quality of water for health, livelihoods, ecosystems and production, coupled with an acceptable level of water-related risks to people, environments and economies ' (pp. 547-548) . Household water insecurity, conversely, exists whenever the availability of safe water or the ability to acquire safe water in culturally acceptable ways is limited or uncertain (Anderson ) . As with problems of water availability, water insecurity is an important public health issue given its role in the production of anxiety, depression, and social stigma (Wutich & Rags- conducted a population-based study of linked men and women in rural Uganda with the following aims: (a) to demonstrate the feasibility of a novel method of photo identification to accurately elicit study participants' primary household water sources so that we could objectively measure water source quality and distance/elevation; (b) to determine the reliability and validity of a new household water insecurity scale; and (c) to assess any potential intrahousehold gender differences in perceptions of household water insecurity.
METHODS

Study population and design
The study was conducted in Nyakabare Parish, Mbarara Dis- which is approximately 20 kilometers from Mbarara Town.
The local economy is largely based on subsistence agriculture, and food insecurity is common (Tsai et al. ) . We investigated potential study sites through an iterative process involving conversations with local officials and field investigations. Nyakabare Parish was selected because it was a tractable size both in terms of population and geographic area, the village leaders welcomed our participation, and non-governmental organizations had relatively little presence in the area.
Approximately three months prior to when we began the study, we conducted a population census within the parish and enumerated all 758 households. Of these, we identified all 358 households in which there was a child under the age of 5 years and a woman of reproductive age (18-49 years, or emancipated minors aged 16-18 years) who considered Nyakabare her primary place of residence, who was available to interview, and who was capable of providing consent. Among households in which there were multiple women of reproductive age, the oldest woman in that age range was identified. We excluded women younger than 18 years of age who were not emancipated minors; women who did not consider Nyakabare their primary place of residence; women who could not communicate with research staff, e.g., due to deafness, mutism, or aphasia;
and women with psychosis, neurological damage, acute intoxication, or an intelligence quotient less than 70 (all of which were determined in the field by non-clinical research staff in consultation with a supervisor). These 358 women were designated our sampling frame of potentially eligible study participants.
Each potentially eligible study participant was approached in the field, typically at their home or (less frequently) place of work, by a research assistant who spoke the local language (Runyankore) and who requested their participation in the study. For each person who expressed potential interest, the study was described in detail and written informed consent to participate was obtained. If there were cultural literacy reasons why a written signature was not appropriate, study participants were permitted to indicate consent with a thumbprint. Once enrolled, each study participant was interviewed one-on-one in a private area, out of earshot from other people.
We solicited feedback on the study design from a com- 
Survey instrument
The survey was programmed into laptop computers for administration in the field, using the Computer Assisted Survey Information Collection (CASIC) Builder™ software program (West Portal Software Corporation, San Francisco, CA). Survey questions were first written in English, translated into Runyankore, and then back-translated into English to verify the fidelity of the translated text. The translation and back-translation was an iterative process involving in-depth consultation and pilot testing with 18 key informants.
The primary construct of interest was water insecurity, which we measured by adapting the Household Food Insecurity Access Scale (HFIAS) (Swindale & Bilinsky ) . Rather than simply measuring food availability or nutrient intake, the HFIAS seeks to measure the experience of food insecurity by tapping into multiple dimensions of the construct, including perceptions of insufficient quantity or quality, feelings of uncertainty or anxiety over food access, and strategies for coping with insufficient food (Coates et al. ; Webb et al. ) . The items of the new Household Water Insecurity Access Scale (HWIAS) closely parallel the items of the HFIAS except that they inquire about perceptions of insufficient quantity or quality of water, feelings of uncertainty or anxiety over water access, and strategies for coping with insufficient water for completing water-based tasks (Appendix A, available with the online version of this paper). Not all of the HFIAS items carried over to the HWIAS in a straightforward fashion. For example, the HFIAS item on dietary monotony ('Did you or any household member eat just a few kinds of food day after day due to a lack of resources?') did not have a close parallel with regard to water consumption. The HFIAS item about going an entire day without food ('Did you or any household member go a whole day without eating anything because there was not enough food?') was omitted given the infrequency with which it was observed in a similar study conducted in Ethiopia (Stevenson et al. ) . The final HWIAS consisted of eight items, with each item scored on a four-point Likert-type scale of severity/frequency ranging from 0 to 3 ('never', 'rarely', 'sometimes', 'often') and a total score ranging from 0 to 24.
In addition to the HWIAS, the survey also included questions to elicit basic socio-demographic characteristics of the study participant. Household daily water usage was estimated by asking each participant to estimate the total number of small (5 liter), medium (10 liter), and large (20 liter) jerry cans used by household members for any purposes (e.g., whether for drinking, irrigation, or washing) in a typical day. Finally, because a secondary aim of this study was to investigate intra-household gender differences in perceptions of household water insecurity, we also administered the HWIAS to the oldest man aged 18-49 years in the same household (subject to the same exclusions, and following the same consent and survey procedures, as above). While the index female participants were the primary focus of this study, this design provided us with the opportunity to 
Identification of household water sources
From the index female participants, we elicited each household's primary source of water so that we could assess its quality and measure its distance from the household. In the identification of household water sources, there exist multiple sources of potential error. Many water sources have different names, or different community members may know them by different names. For example, some community members may refer to a water source by the name of the village ('Bukuna 1 well'), by an informal name adopted by community members ('Kinuka'), or by the name of the community member on whose land it is located ('Banturaki's well').
To facilitate accurate identification of household water sources, we used photo identification, a technique that has been employed in social network studies to accurately identify social network ties in settings where ambiguity in naming conventions provides for multiple sources of potential error (Apicella et al. ) . First, we constructed a water source registry consisting of all public water sources, and as many private water sources as we could identify, in Nyakabare Parish. For each of these 89 water sources, the registry con- household and each identified water source. We used the great circle distance formula, assuming a sphere of radius 6,371 kilometers, to compute the Euclidean distances between each household and identified water source pair.
While our team was enumerating all households for the population census, we also conducted water quality tests of the water sources in Nyakabare Parish, selecting a purposive sample of only 50 of the water sources listed in our registry due to budgetary limitations: we sought to test a variety of water sources that were not redundantly connected to each other (e.g., in the same gravity flow scheme) and that were geographically dispersed throughout the parish. At each selected water source site, field staff trained in aseptic sampling techniques collected 1 liter of water according to a standardized protocol. For unimproved water sources, samples were taken from the middle of the water source.
For improved water sources, the water outflow pipe (e.g., borehole spout or tap) was first disinfected and sterilized before sampling containers were filled. Approximately one inch of space was left at the top of the sampling containers, and the caps were replaced aseptically. Water samples were then packed in coolers with ice and transported to an Inter- Station, TX). We performed factor analysis on the scale items, using principal-factors extraction and orthogonal varimax rotation. We used three criteria to investigate candidate factors for retention. First, we examined the factor eigenvalues for those factors with eigenvalues greater than 1.0 (Guttman ; Kaiser ). Second, we graphed the eigenvalues in decreasing order to identify the scree, i.e., the portion of the graph where the slope of decreasing eigenvalues approaches zero (Cattell ) . Third, we examined the loadings of the individual items on the different factors. An item was assigned to a factor if its factor loading was greater than or equal to 0.40 (Floyd & Widaman ). We calculated Cronbach's alpha to assess the internal consistency of the identified factor, using 2,000 bootstrap replications to compute the standard error.
We examined item-test correlations, and then re-calculated the Cronbach's alpha after sequentially deleting each of the items in turn.
As with prior work, we did not have access to a gold standard criterion of water insecurity to assess criterionrelated validity (Hadley & Wutich ) . Instead we relied upon several different assessments of construct validity.
First, we estimated the correlation between water insecurity and other constructs that were hypothesized, on the basis of prior work, to be related to water insecurity: distance and elevation difference in kilometers and meters, respectively unrelated to household water use, we estimated the correlation between water insecurity score and household water use (with the a priori expectation that we would also find a lack of a statistically significant association between the two variables). To summarize, our analyses of construct validity were motivated by the hypothesis that water insecurity would be correlated with these related constructs: we expected that water insecurity would be greater among households located farther away from their primary water sources, among households accessing lower-quality water sources, and among households interviewed during the dry season.
To assess the extent to which there was an observed threshold of distance to water source above which no further increases in water insecurity scores could be observed, we plotted water insecurity scores against distances, using locally weighted scatterplot smoothing (Cleveland ) . After observing a potential breakpoint at 0.25 kilometers, we then fitted a multiple linear regression model to predict water insecurity score, specifying distance to water source as a linear spline with a single knot at the observed breakpoint. The estimated association was adjusted for elevation difference, quality of water source, and seasonality, as well as for a set of socio-demographic characteristics (age, educational attainment, marital status, and number in the household).
We investigated intra-household gender differences in water insecurity using data on the linked men and women.
Inter-rater agreement was calculated using Cohen's kappa, with confidence intervals calculated using the goodness-offit approach (Donner & Eliasziw ) . For each item, we compared men and women using paired t-tests and assessed the extent to which men systematically reported severity/frequency ratings that were higher or lower than the linked women.
RESULTS
Characteristics of the sample
Of the 358 potentially eligible women initially identified in the census, from June 2014 to February 2015 we interviewed 327 index female participants, for a response rate of 91%.
Among the remaining 31 women, 26 were confirmed to be ineligible because they did not consider Nyakabare Parish to be their primary residence or because there were no longer any children under age 5 years living in the household, four could not be located again for the interview, and one had died shortly after the initial census was con- women reporting a primary water source that was located more than 1 kilometer away from the residence. The median household was located 23 meters (IQR, 5-47) above the primary water source.
Water insecurity among women
The distribution of women's responses to the eight items of the HWIAS is shown in Figure 3 . The frequency of 'never' responses ranged from 28 to 63%. The three items with the highest frequency of 'often' responses were the items about worry, having to drink water from an undesirable source, and having to drink less water than needed.
Exploratory factor analysis revealed one factor with an eigenvalue of 3.84 explaining 96% of the variance. All eight items loaded positively on this factor, with factor loadings ranging from 0.65 to 0.77. None of the squared multiple correlations were so small as to warrant exclusion of any item. There was scant evidence for a second factor: the two-factor solution had a smaller Akaike Information Criterion value than the one-factor solution, but the second factor only had an eigenvalue of 0.45, no items had factor loadings exceeding 0.4 on this factor (two items had factor loadings of 0.37 and 0.39), and the scree plot suggested only a single factor. We therefore proceeded with a single factor model. Locally weighted scatterplot smoothing suggested that the total HWIAS score increased with distances up to 250 meters, after which subsequent increases in the total HWIAS score were minimal (Figure 4 ). In the piecewise We repeated all of the above analyses to investigate the reliability and validity of the HWIAS among men (Appendix B, available with the online version of this paper). Exploratory factor analysis suggested a single factor. We observed weaker evidence of construct validity, as the magnitudes and statistical significance of the estimated correlations were lower among men compared to women.
Within each linked pair of men and women, across the eight items the kappa statistics ranged from À0.03 to 0.20 (Table 2 ). In general, men reported experiences of different dimensions of water insecurity as being less severe/frequent than women. Across the eight items, within each linked pair 27-43% of the men gave a severity/frequency rating that was less than the rating reported by the woman in the same household. These differences were also reflected in the global differences across households: the mean HWIAS score was lower among men compared to women (8.9 vs. 10.3; t ¼ 2.23, P ¼ 0.03). Compared to the standard deviation among women, this represented 1.4/6.8 ¼ 0.21 standard deviation units.
DISCUSSION
In this population-based study, we have shown that water insecurity is relatively common in rural Uganda among both men and women. Our analyses provide strong evidence for the internal structure and construct validity of a new experience-based measure of household water insecurity, calculated from eight items administered by questionnaire.
We used a novel method of photo identification so that we could accurately elicit study participants' primary household water sources, thereby enabling us to identify water sources for objective water quality testing and distance/elevation measurement. Finally, we demonstrated significant intrahousehold gender differences in perceptions of household water insecurity. Our findings have important programmatic implications and suggest the HWIAS may be used to measure the construct of water insecurity in rural East African settings, particularly among women. assessing different dimensions of water insecurity (e.g., instead of using 11 different items to characterize strategies for coping with insufficient water, we used a single item for the entire range of household needs) so that the scale would be more suitable for administration in a brief, populationbased survey. Importantly, our study extends their findings of construct validity by correlating water insecurity scores with objective measures of distance, elevation, and water quality.
Our analyses further suggest that the construct of water insecurity may enrich current policy and programmatic discussions about clean water access, which have (for example) focused on the extent to which households have access to an 'improved' water source that is located within 1 kilometer (World Health Organization ). In our data, while water insecurity scores were generally higher among women who did not have access to an 'improved' water source, a large proportion of women had access to an 'improved' water source yet remained water insecure.
These findings are consistent with the observations by A second limitation is that each household's primary source of water was elicited from only the index female participant. It is therefore possible that the intra-household gender differences in perceptions of water insecurity could have resulted from divergent understandings of the household's primary water source (i.e., the linked men and women did not have the same water source in mind when responding to the HWIAS items) rather than from divergent perceptions of water insecurity. We believe this possibility to be unlikely, given that men and their linked counterparts were actually more concordant on item #2 (about collecting water from an undesirable source) compared to the other scale items measuring other aspects of water insecurity.
Third, our data were collected from only a single region in south-western Uganda, so it is unclear whether our findings would generalize to other regions. However, we obtained a greater than 90% response rate from a sampling frame consisting of all households in which reproductiveage women resided with a young child. Given the centrality of women in water collection worldwide, and given that Thus our study implicitly focused to a greater extent on issues related to quality rather than quantity. The lack of correlation between water insecurity and household daily water usage could potentially be explained by this implicit focus,
given that households were asked to estimate daily water usage for all purposes. Future work may explore the construct of water insecurity in greater depth by characterizing household use of water for non-drinking purposes. With increasingly robust validation studies of water insecurity measures in diverse cultural and ecological contexts, we hope the field will increasingly consider the reduction of water insecurity to be an urgent imperative.
CONCLUSIONS
